Abstract: Fast neutron fluence and absorbed dose distribution from Am-Be neutron source has been measured inside water phantom using cellulose nitrate (LR-115) solid state nuclear track detector (SSNTD). The absorbed doses calculated using fluence -Kerma Conversion factors have been compared with those calculated by using fast neutron scattering cross sections for Hydrogen and Oxygen. The relaxation length and build up factors have been measured. An empirical formula was proposed for depth dose calculations. Dose equivalent as well as effective dose in each of the various human body tissues are extracted by weighting the measured dose according to the International Commission of Radiological Protection (ICRP) latest published weighting factors.
Introduction
Fast neutrons have the advantage of efficient treating cancer cells with lower doses, regardless of hypoxia (lower oxygen content in tumor than in normal tissues) over the other types of ionizing radiations. That is for their relatively high linear energy transfer (LET) and relative biological effectiveness (RBE). Nowadays, fast neutron therapy is being used to treat cancer efficiently in some human organs [1] [2] [3] [4] . Fast neutron therapy including the use of radionuclides besides radiation protection in medicine, industry and research necessitate an accurate physical dosimetry. Dose distributions from immersed neutron sources are more strongly altered by a combination of several effects such as backscattered neutrons near the source and attenuation of neutron fluence at greater distances.
The importance of detector material is that its elemental composition by weight, together with the neutron energy spectrum, determines the effective Kerma per unit fluence at the detector. Phantom material and phantom size are also important factors for the incident and scattered neutrons. However, phantom size has been shown to exert little influence on the neutron dose distribution near centrally located 252 Cf source in spherical phantoms greater than 10 cm in diameter [5] .
Measurements of the absorbed dose in a tissue equivalent phantom have been carried out by means of ionization chambers [6, 7] , silicon diodes [8, 9] , thermoluminescence dosimeters [10] , track etching detectors [11] [12] [13] , and by activation detectors [14] .
The advantage of tissue equivalent ionization chamber method is the direct tissue equivalent and energy -independent measurement of the absorbed dose; on the other hand its size does not enable doses near the source to be measured. Silicon diodes are not tissue equivalent. However, the use of recoil track detectors enables absorbed dose measurements near the source to be performed.
Although CR-39, Allyl diglylcol carbonate (C12H18O7) SSNTD of thickness about 500µm shows good performance recently in neutron dosimetry [15] , LR-115 cellulose nitrate is closer to tissue composition than CR-39, and LR-115 threshold is 1MeV that enables them to measure fast neutron doses only, while CR-39 threshold is about 0.05MeV that made them sensitive to slow neutrons also. Nowadays, both LR-115 and CR-39 are used together side by side in radiation dosimetry [16, 17] . However, LR-115 cellulose nitrate (C 6 H 7 N 3 O 11 -Approx.) track detector with 12 µm thick and Z eff= 7.2 is a more suitable detector for fast neutron dose measurements at smaller depths with high accuracy and can be considered as a tissue equivalent material.
The aim of the present paper is to investigate the fast neutron fluence and absorbed dose distribution from Am-Be neutron source inside water phantom using LR-115 track detector. The absorbed doses calculated by using fluenceKerma conversion factors have been also compared with absorbed doses calculated by using the fast neutron scattering cross-sections for hydrogen and oxygen (i.e. for H 2 O). Also, the expected dose equivalent and effective dose in various human tissues have been shown.
Experimental
A 5 Curie Am-Be neutron source was positioned centrally in water phantom. The source is 3cm diameter and 6cm height with an emission rate of 1.1x10 7 neutron/sec. The phantom used is a cylindrical Lucite tank of 60 cm diameter and 80 cm height filled with water, simulating human body, since human body is approximately 70% water, and dose measurement is calculated and calibrated as dose to water. The detector used is LR-115, cellulose nitrate (manufactured by Kodak Pathe-France) with 12 µm thick in a 100 µm plastic base.
The fast neutron sensitivity of LR-115 (to Am-Be) has been determined by free air calibration and etching in 10% NaOH at 60 o C for 70 min. The tracks were counted using Karl Zeis microscope. The sensitivity was found to be (3.37 ± 0.3) x 10 -6 track/neutron. During the experimental work, the detectors were maintained at depths in phantom ranging from 0.8 to 18.8 cm, i.e. at distances from 2.3 to 20.3cm from the center of the source.
Fluence -Kerma Conversion factor of 4.9x 10 -9 rad.cm 2 /neutron (i.e. 2.041x 10 8 n/cm 2 = 1 rad) [18] has been used. Radiation weighting factor (Wr =10) which is neutron energy dependent, has been used for absorbed dose (Da) conversion to dose equivalent (DE), since DE=Da x Wr. Also, human body tissues weighting factors (Wt) have been used to calculate the effective dose (DT) in each tissue, as DT =DE x Wt. The used values of Wt for the various tissues are as follows: 0.2 for gonads, 0.12 for each of bone marrow, colon, lung, or stomach, 0.05 for each of bladder, breast, liver, Esophagus, or thyroid, 0.1 for each of skin or bone surfaces. Also, for less sensitive tissues, Wt =0.005 for each of adrenals, upper large intestine, small intestine, kidney, muscles, pancreas, spleen, thymus or uterus. The mentioned values of Wr and Wt are the latest recommended weighting factors by ICRP, [19] .
The measured fast neutron fluences were those above 1Mev which is the threshold of LR-115 detector. The results presented below are transverse axis data according to the irradiation geometry.
Results and Discussion
The fast neutron flux distribution determined by the LR-115 track detectors at various depths in water as well as in free air are represented in Figure 1 . Free air irradiations were performed at the same dosimeter positions in the empty phantom. It is clear that fast neutron fluxes decreases by increasing depths. The fluence ratio in water and air (Φ w /Φ a ) is represented in Figure 2 .
The attenuation in phantom (tissue) can be obtained from the following equation:
where ( ) B x is the build-up factor and λ is the relaxation length. The relaxation length evaluated from Fig. 2 is 8 .0cm, excluding the variation in the build-up factor ( ) B x at lower tissue depths. The value of λ = 8.0cm is valid from tissue depths of ~ 5cm up to 18.8cm. The calculated value of λ is 7.2 as the reciprocal of the linear absorption coefficient of water for neutrons of spectrum similar to Am-Be spectrum [20] . This calculated value of λ is about 10% lower than that measured in this experiment, because the calculated value has considered a point neutron source. At tissue depths smaller than 5cm, a build up factor ( ) B x should be considered. From Figure 3 , it is clear that ( ) B x increases with depth from 0.8cm to ~ 5cm reaching a maximum value of ~ 1.3 at 5cm and then becomes more or less constant. This mentioned value of ( ) B x goes with the results in the literature, [12] . In Figure 4 , the variation of absorbed dose rate, as calculated from fluenceKerma conversion factor in water [18] with depth in phantom is shown. It is clear that dose rate decreases by increasing depth in phantom. In Figure 4 , also the variation of the fast neutron absorbed dose rate D a (E) vs. depth according to scattering cross-sections is represented too. The latter was calculated using the following formula [20] :
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where Φ is the measured fast neutron flux in (n/cm 2 .sec), E is the neutron energy (taken as 5MeV/n), N i is the number of atoms per kilogram for hydrogen and oxygen in water (taken as 6.69 x 10 25 and 3.345 x 10 25 respectively), σ i is the scattering cross-sections of hydrogen and oxygen (taken as 1.5 barn and 1.55 barn respectively), and f i is the mean fraction energy transfer to scattered atom (taken as 0.5 and 0.111 respectively). The factor 1(J/Kg.Gy) in the denominator comes from the fact that the dose of (1Gy) corresponds to the absorption of (1 J/Kg) by the target.
It is clear from Figure 4 that both curves (of dose measured in Kerma and the one calculated using Eq. (2)) are in good agreement. This agreement supports the use of LR-115 as a tissue equivalent detector in depth dose measurements. However, the calculated dose, using Eq. (2) is slightly lower in about 8% than the measured one. This is because the calculation in Eq. (2) has been done over a monoenergetic neutron beam of energy 5MeV. It should be averaged over the whole fast neutron Am-Be energy spectrum (i.e. ~ 1-11 MeV).
Fig. 4: Absorbed dose rate as a function of depth in phantom
Starting from the inverse square law to calculate the absorbed dose rate D a in the various depths in phantom (tissue), considering the attenuation of dose with depth, the effect of Build-up factor and relaxation length, an empirical equation can be deduced to calculate the absorbed dose rate D a. This empirical equation is as follows: (3), is shown also in Figure 4 as the dotted line.
However, Equation (3) is valid with a tolerance not more than ± 10% over the whole range of dose measured at various depths (i.e. from 0.8 cm to 18.8 cm). This slight difference between the measured and the calculated values using Equation (3) of dose rate may be due to the fact that the fluence-Kerma conversion factors used are based on unidirectional broad beam of monoenergetic neutrons at normal incidence; which is not exactly similar to our experiment circumstances. In this experiment, the neutron fluence is of isotropic distribution around the source located in the center of cylindrical phantom, i.e. not unidirectional broad beam. Also, the neutron fluence in this experiment is not monoenergetic but of fairly wide spectrum and not with exactly normal incidence on the detector but with a solid angle. Figure 5 shows the variation of calculated dose equivalent rate (DE) with phantom depths. When the whole human body receives uniformly the dose equivalent (DE) of Figure 5 -1, the corresponding values of effective dose in each organ will be as shown in Graph 2-6 of Figure 5 , according to the organs tissues sensitivities. The total effective dose is the sum of all partial effective doses (DT) within each tissue that coincide with Figure 5 -1 in each phantom depth. In this case, all organs will contribute to the total risk of a health effect, such as cancer. However, in case of internal emitter, only one or two organs will receive the dose while the other organs will not be at risk. But in radiotherapy, the dose value and the tissue size under treatment will be under control. 
Conclusion
LR-115 cellulose nitrate detector is used to measure the fluence and depth dose distribution of Am-Be neutron source in water phantom for isotropic distribution. The use of such detector enables measurements in approximately tissue equivalent material at smaller depths. The relaxation length has been found to be 8.0 cm in fair agreement with the calculated one. Below a depth of 5cm, a build up factor should be considered in dose calculation. The absorbed doses calculated through fluence -Kerma conversion factors agreed with those calculated through neutron scattering cross sections. An empirical formula has been deduced for dose rate calculation with high accuracy.
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